ABSTRACT The potato psyllid, Bactericera cockerelli (Š ulc) (Hemiptera: Triozidae) is a serious pest of potato and other solanaceous crops. B. cockerelli has been associated with the bacterium "Candidatus Liberibacter solanacearum" (Lso), the causal agent of zebra chip, a new and economically important disease of potato in the United States, Mexico, Central America, and New Zealand. The biology of liberibacter transmission to potato and other host plants by the potato psyllid is largely unknown. The current study determined Lso acquisition by adult psyllids following different acquisition access periods (AAP) on potato and tomato, quantiÞed Lso titer over time in postacquisition psyllids, determined Lso-acquisition rate in psyllids at each AAP on each source of inoculum, and determined inßuence of host plant Lso titer on Lso acquisition rates and postacquisition titer in psyllids over time. Results showed that Lso detection rates and titer increased over time in psyllids following AAPs of 8, 24, and 72 h on tomato and potato and Lso titer was highest when psyllids acquired Lso from tomato versus potato. Lso titer ranged from 200-to 400-fold higher in tomato leaves, petioles, and stems than those of potato. The increase of Lso titer in the insects reached a plateau after an average of 15 d following 24 and 72 h AAP on potato or tomato. At this 15-d plateau, Lso titer in postacquisition psyllids was comparable with that of infective psyllids from the Lso-infected laboratory colony. Lso-acquisition rate in psyllids fed on potato and tomato increased up to 5 and 20, 15 and 35, 35 and 75, and 80 and 100%, respectively, when the insects were allowed access to plants for 4, 8, 24, and 72 h, respectively.
other cultivated solanaceous crops in the Americas (Munyaneza 2012) . In Europe, Lso severely affects carrot crops, where it is transmitted to carrot by the psyllids Trioza apicalis (Fö rster) and Bactericera trigonica Hodkinson (Munyaneza et al. 2010a (Munyaneza et al. ,b, 2012a AlfaroÐFernández et al. 2012a,b) .
Little is known about the biology and mechanisms of Lso transmission to potato and other solanaceous host plants by the potato psyllid (Hansen et al. 2008; Buchman et al. 2011a,b; Munyaneza 2012) . Information is lacking on the mode of transmission (i.e., propagative, circulative, persistence, etc.) of Lso by B. cockerelli and its latency period within the insect. Development of effective management strategies for Lso and its insect vectors will not be realized until their interactions and transmission biology are better understood. The objectives of this research were to: 1) determine Lso acquisition by adult potato psyllids following different acquisition access periods (AAP) on potato and tomato plants, 2) quantify Lso titer over time in postacquisition potato psyllids, 3) determine Lso-acquisition rate in adult potato psyllids at each AAP on each source of inoculum plant, and 4) determine inßuence of Lso titer in the host plants on the bacterium acquisition rate in the psyllids and its postacquisition titer over time.
Materials and Methods
Source of Insects. Lso-free and -infected potato psyllid colonies were established in the laboratory at the United States Department of AgricultureÐAgricul-tural Research Service (USDAÐARS) facility at Wapato, WA, using psyllids originally collected from a commercial potato Þeld near Dalhart, TX, in 2007. The colonies were maintained at 29ЊC, 50% relative humidity (RH), and a photoperiod of 16:8 (L:D) h on potato plants in a controlled environment room for several generations. Insects from the colonies were tested monthly using conventional polymerase chain reaction (PCR) as described below to estimate Lso infection rate. Before the current study, the Lso infection rate in the adult psyllids was 100% (a sample of 25 individual psyllids was tested).
Sources of Plants Materials. Potato (Solanum tuberosum), tomato (Solanum lycopersicum), and sweet potato (Ipomea batatas) plants were used in the study. CertiÞed disease-free potato mini-tubers of variety Atlantic used in the study were obtained from CSS Farms Inc. (Colorado City, CO). Tomato seeds (variety Early Girl) were purchased from Ed Hume Seeds, Inc. (Puyallup, WA). Sweet potato (variety White Delight) plants were established in the greenhouse from stem cutting. The plants were grown in the greenhouse at the USDAÐARS Wapato facility in 1 ⁄2-L pots (Kord Products, Toronto, Ontario, Canada). The plant growth media consisted of a mixture of 86% sand, 13.4% peat moss, 0.5% Apex time release fertilizer (J. R. Simplot Co., Lathrop, CA), and 0.1% Micromax micronutrients (Scotts Co., Marysville, OH).
Source of Lso Inoculum. To generate a source of Lso inoculum for pathogen acquisition experiments, potato, tomato, and sweet potato plants were inoculated with the pathogen using Lso-infected potato psyllids from laboratory colonies. Twenty-Þve 1-moold potato, tomato, and sweet potato plants each were exposed to 10 Lso-infective potato psyllid adults for 72 h. After Lso-plant exposure, the insects were eliminated from the plants by treating them with methyl bromide for 2 h in a fumigation chamber. The plants were then maintained in a psyllid-free greenhouse at 24 Ð28ЊC, 50 Ϯ 5% RH, and a photoperiod of 16:8 (L:D) h. The plants were visually monitored for Lso symptom development and periodically tested for Lso using both conventional and real-time PCR to conÞrm infection and quantify Lso titer. Lso infection symptoms developed 3Ð 4 wk after psyllid exposure in both inoculated potato and tomato plants, and the plants tested positive for Lso by PCR. However, sweet potato plants exhibited no disease symptoms at any time and no Lso was ever detected in the plants, either by conventional or real-time PCR, even after 6 mo of further maintenance. Further attempts to inoculate sweet potato plants with Lso using infected psyllids whether in the greenhouse or small Þeld cages failed despite the survival, reproduction, and development of insects on this host plant. Thus, it was concluded that sweet potato was not suitable as a host to Lso. However, sweet potato was later used to maintain potato psyllids following Lso-acquisition experiments and monitor Lso titer in the insects over time as described below.
Lso Acquisition Experiments. Psyllids were allowed to feed on the potato or tomato inoculum plants and acquire Lso during selected AAP. The experiments were conducted in a greenhouse maintained at 24 Ð 28ЊC, 50% RH, and a photoperiod of 16:8 (L:D) h. Five Lso-infected potato and tomato plants (2 mo old) each were kept in two separate small dome cages (1462W BugDorm-2 rearing cage, white, dimension of 24 by 24 by 24Љ, BioQuip Products, Rancho Dominguez, CA). Approximately, 2,000 Lso-free psyllid adults were released into each of two cages containing Lso-infected potato or tomato plants. After insect release into the cages, groups of 400 psyllids were collected from each cage using an insect aspirator after 1, 4, 8, 24 , and 72 h AAP and transferred to separate cages containing sweet potato plants. In each AAP treatment, samples of 10 psyllids each were collected from sweet potato plants immediately, and at 2, 4, 6, 9, 12, 15, 17, and 20 d after transfer to sweet potato. Because it takes about 3 wk for potato psyllids to complete a life cycle, insect collections were not continued beyond 20 d to avoid mixing original Lso-exposed psyllids with the new progeny emerging adults. Insects were frozen in liquid nitrogen and then stored at Ϫ40ЊC pending later testing by real-time PCR to quantify Lso titer in each insect. Lso titer in the sweet potato-reared insects were compared with those of infective psyllids collected from laboratory-maintained Lso-psyllid colonies. To conÞrm that psyllids from the laboratory colonies could transmit Lso to potato, 10 Lso-free potato plants were each exposed to a single potato psyllid for 24 h, after which insects were removed from the plants with an aspirator. The insects were later tested for Lso by PCR. It has been shown that a single infective psyllid can effectively transmit Lso to potato in little as 6-h inoculation access period (Buchman et al. 2011a,b) . The plants were maintained in the greenhouse at 24 Ð28ЊC, 50% RH, and a photoperiod of 16:8 (L:D) h and monitored for ZC disease symptom development and tested for Lso by PCR to conÞrm infection.
Nucleic Acids (DNA) Extractions. Total DNA was extracted from healthy and Lso-infected potato, tomato, and sweet potato tissues by using cetyltrimethlyammonium bromide (CTAB) buffer extraction per Pastrik and Maiss (2000) and slightly modiÞed as described by Munyaneza et al. (2010b) . Brießy, 400 mg of leaf, petiole, and stem tissues of each were macerated with 1 ml of extraction buffer (100 mM Tris-HCl, pH 8.0, 50 mM EDTA, 500 mM NaCl, and 10 mM mercaptoethanol) by using BioReba sample bags and a Homex six homogenizer (Bioreba, Reinach, Switzerland) . Three hundred microliters of macerate were collected and mixed with 80 l of lysozyme (50 mg/ml in 10 mM Tris-HCl, pH 8.0, SigmaÐAldrich, St. Louis, MO) and incubated for 30 min at 37ЊC. After incuba-tion, 500 l of CTAB buffer (2% CTAB, 1.4 M NaCl, 20 mM EDTA, 100 mM Tris-HCl, pH 8.0, and 0.2% mercaptoethanol) was added to the homogenate, and the sample was incubated for 30 min at 65ЊC. The samples were maintained at room temperature for 3 min, and 500 l of ice-cold chloroform was added. Samples were vortexed and then centrifuged at 13,000 rpm for 10 min. The aqueous layer was then transferred to a new microfuge tube containing 500 l of isopropanol and glycogen (1 l/ml). The tubes were placed on ice for 20 min to precipitate DNA, which was recovered by centrifugation as described above. The pellet was washed with ice-cold 70% ethanol and centrifuged at 13,000 rpm for 3 min, and the pellet was air-dried. The pellet was resuspended in 100 l of sterile water.
Total DNA was extracted from individual potato psyllids using CTAB buffer extraction as described by Zhang et al. (1998) but without grinding in liquid nitrogen. Using a micropestle, individual psyllids were ground in 1.5-ml sample tubes (Eppendorf North America, Hauppauge, NY) in 500 l of CTAB buffer (2% CTAB, 1.4 M NaCl, 20 mM EDTA, 100 mM TrisHCl, pH 8.0, and 0.2% mercaptoethanol). The samples were incubated for 30 min at 65ЊC. The samples were maintained at room temperature for 3 min, and then 500 l of ice-cold chloroform was added. Samples were vortexed and then centrifuged at 13,000 rpm for 10 min. The aqueous layer was then transferred to a new microfuge tube containing 0.6 volume of isopropanol and 1 l of glycogen. The tube was placed on ice for 20 min to precipitate DNA, which was recovered by centrifugation as described above. The pellet was washed with ice-cold 70% ethanol and centrifuged at 13,000 rpm for 3 min, and the pellet was air-dried. The pellet was resuspended in 50 l of sterile water. Genomic DNA from plants and insects was quantiÞed using Quant-iT PicoGreen dsDNA Reagent and Kits (Molecular probes, Cat. No: P11496). Low and high range standard curves were constructed for psyllids and plants DNA quantiÞcations, respectively. The ßuo-rescence (excitation Ϸ480 nm, emission Ϸ520 nm) was measured using Thermo ScientiÞc Fluoroskan Ascent Microplate Fluorometer (Thermo ScientiÞc Instrumentation, Vantaa, Finland). Final DNA concentration was adjusted to 2 ng/l for insects and 40 ng/l for plants, and 5 l were used for both conventional and real-time PCR (10 and 200 ng per reaction of insect and plant DNA, respectively).
Conventional PCR. Primer pairs OA2/OI2c were used to amplify DNA sequences from the 16S rRNA gene of Lso (Jagoueix et al. 1996; Liefting et al. 2008 Liefting et al. , 2009 ) by conventional PCR (Table 1 ). Insect and plant DNA samples were tested for the presence or absence of Lso by conventional PCR. AmpliÞcations were performed in 50 l reactions with Green Go Taq Polymerase (Promega, Madison, WI) according to the manufacturerÕs instructions. For each reaction, 20 pmol of each primer and 2 l of DNA extract were added and incubated under the following conditions: initial denaturation for 3 min at 94ЊC and then ampliÞcation for 30 s at 94ЊC, 30 s at 65ЊC, 1 min at 72ЊC for 39 cycles, followed by a Þnal 5 min at 72ЊC incubation (MJ Research). PCR products were separated on 1.5% agarose gels containing ethidium bromide for visualization.
Real-Time PCR. For real-time PCR, Lso primers and probes described by Crosslin et al. (2011) were used. In addition, the primers and probes targeting 28S ribosomal RNA gene of potato psyllid (GenBank EU812555) were designed using Primer Express 3.0 software (ABI) and used as internal controls (Table  1) . Standard curve construction and gene quantiÞca-tion for Lso and insect housekeeping gene were performed as described by Marzachi and Bosco (2005) . The real-time PCR with Lso or 28S RNA primers and probes used 12.5 l TaqMan Universal PCR Master Mix (Applied Biosystems; Roche Diagnostics, Indianapolis, IN), 2.5 l of each primer (9 M), 2.5 l of labeled probe (2.5 M), and 5 l (10 ng of psyllids genomic DNA or 200 ng of potato or tomato genomic DNA) of nucleic acid extracts. Reactions were ampliÞed on Chromo4 (Bio-Rad Laboratories, Inc., Hercules, CA) with the following cycling conditions: 50ЊC for 2 min, 95ЊC for 10 min, then 40 cycles of 95ЊC for 15 s and 60ЊC for 60 s.
The conÞdence limits ZC-F/CL-ZC-R (185 bp) and 28S F/R (67 bp) amplicons (Table 1) obtained by conventional PCR were cloned using the TOPO TA cloning kit (Invitrogen, Carlsbad, CA) with TOP 10 Escherichia coli chemically competent cells. Plasmid DNA was extracted from selected colonies using the QIAprep spin mini prep kit (QIAGEN, Valencia, CA), and the DNA clones were sequenced by MC Laboratories (MCLab, San Francisco, CA). The Lso outer membrane protein (designated as Lso-OMP), and potato psyllid 28S RNA fragments were conÞrmed by BLASTn analysis. Plasmid, Lso-OMP, and Lso-free psyllids genomic DNA was used to construct a standard curve as described below. Lso standard curve was constructed using Lso-OMP plasmids for quantiÞcation of Lso titer in postacquisition psyllids and inoculum plants. The DNA copy numbers were calculated as follows assuming the average weight of a nucleotide base pair was 660 Daltons:
DNA (copies/l) ϭ DNA (ng/l)/(DNA (bp) ϫ 1 ϫ 10 9 (ng/g) ϫ 660 (Da/bp)/6.022 ϫ 10 23 (copies/ mol).
Plasmid Lso-OMP was diluted to Þnal concentrations of 2,240,000, 224,000, 22,400, 2,240, 224, 22.4, and 2.24 copies/l in 2 or 40 ng/l of Lso-free psyllids and plants genomic DNA, respectively. In each dilution, 5 l was loaded to get 10-fold serial dilution Þnal concentrations of 11,200,000, 1,120,000, 112,000, 11,200, 1,120, 112, and 11 .2 Lso copies. Lso-free psyllids genomic DNA was used to construct insect standard curve. Insect genomic DNA was diluted in water to Þnal concentration of 5, 0.5, 0.05, 0.005, and 0.0005 ng/l. For each dilution, 5 l was loaded to get Þnal concentration of 25, 2.5, 0.25, 0.025, and 0.0025 ng. Real-time PCR was performed as described earlier.
Identical ßuorescence threshold and baseline settings were used for comparability of results.
AmpliÞcation efÞciency was calculated using the following formula: E ϭ 10 ∧ Ϫ(1/slope). Interplate reproducibility were deÞned by calculating the coefÞcient of variation of the Ct values obtained by running 10 independent assays along with samples targeting Lso and psyllids 28S RNA gene with three replicates of known Lso psyllids genomic DNA as described below. Lso-infective psyllids quantiÞed as 0.9 ng/l from its original DNA extracts. This original DNA was serially diluted to 0.09 and 0.009 ng/l. For each reaction, 5 l was used to get Þnal concentration of 4.5, 0.45, and 0.045 ng. For Lso interplate reproducibility, the Þrst two serial dilutions (4.5 and 0.45 ng) were used, whereas the three dilutions (4.5, 0.45, and 0.045 ng) were used for 28S RNA. Each run was conducted on 96-well plate with samples containing three replicates of appropriate 10-fold series dilution of either Lso standards or Lso-free potato psyllids genomic DNA standards, 10 ng of AAP psyllids genomic DNA or 200 ng plant genomic DNA, Lso-free psyllids genomic DNA (negative control), Lso-infective psyllids genomic DNA (positive control), and water controls.
Statistical Analysis. The coefÞcients of variation (CV) of mean Ct values of same template or different plate samples were compared with assess interplate reproducibility for both Lso and 28S RNA real-time PCR systems. The average coefÞcient of variation was calculated by dividing the standard deviation of a value by its mean, multiplied by 100. The Lso titer in infected plants was analyzed using unbalanced 2 by 3 factorial analysis (PROC MIXED), and signiÞcance differences were separated by TukeyÕs honestly signiÞcant difference (HSD) methods. The bacterial titer in psyllids were analyzed using Factorial analysis of variance (ANOVA) with the following parameters: host (potato and tomato) ϫ days (2Ð20 d). All zeroes, 1, 4, and 8 h AAPs and negative psyllids were excluded for statistical analysis. To compare Lso copies in AAP psyllids and Lso-infected psyllids (ZC inducing psyllid colonies), groups of two means were compared using two sample t-test (PROC T-TEST). Logit analysis was used to determine whether the probability that a psyllid harbored the bacterium depended on inoculation duration (h), number of days after the inoculation period that the psyllid was on sweet potato, and inoculation source (potato versus tomato). We excluded the 1-h exposure treatment, as all psyllids in that treatment failed to become infected, regardless of host plant or number of days postinoculation. The data were modeled as a dichotomous response (infected vs. not infected) using PROC GENMOD in SAS (SAS Institute 2010). The saturated model with all main effects and all possible interactions among the three explanatory variables was Þtted. A small constant (0.5) was added to all cells in which none of the 20 psyllids harbored the pathogen. The ilink option was used to transform host plant means back to proportions. The data were subjected to logarithmic (Log 10 ) transformation before statistical analyses. All statistical analyses were performed using SAS Institute 2008.
Results
Symptoms of Lso infection developed in the inoculated potato and tomato plants 3Ð 4 wk after exposure to Lso-infective psyllids. Symptoms of Lso infection in potato were characterized by plant stunting, shortened internodes, yellowing and upward curling of the leaves, purplish discoloration of apical leaves, aerial tuber production, and growth of lateral shoots (Munyaneza 2012). Over 75% of the potato plants failed to produce tubers as a result of Lso infection at a very early stage (Buchman et al. 2011a,b) ; however, the tubers that were produced exhibited typical ZC symptoms as described by Munyaneza et al. (2007) and Munyaneza (2012) . Symptoms in tomato plants were characterized by reduced leaf size, stunted growth, yellowing of leaves, shortened internodes, and lack of ßower development (Munyaneza et al. 2009 ). Both conventional and real-time PCR conÞrmed Lso-infection in potato and tomato plants. In contrast, no symptoms were ever observed in sweet potato plants exposed to Lso-infective psyllids for over 5 mo under both greenhouse and Þeld cage conditions and PCR testing failed to detect Lso in the plants, suggesting that this suitable potato psyllid host plant was not a host to Lso.
Real-Time PCR Performance Evaluation
The real-time PCR targeting the outer membrane protein of Lso generated linear regression lines with a slope between Ϫ3.321 and 3.359 (3.33 Ϯ 0.014) with ampliÞcation efÞciencies of 98.4 Ð100%. The real-time PCR targeting psyllids housekeeping gene 28S RNA had linear regression lines with a slope between Ϫ3.294 and 3.316 (3.302 Ϯ 0.008) with an ampliÞcation efÞciency of 100%.
To assess the interplate reproducibility among the plates, the CV of Ct values of the same templates from different plates were compared. Two (4.5 and 0.45 ng) and three (4.5, 0.45, and 0.045 ng) serial dilutions were used for Lso outer membrane protein and insect 28S RNA, respectively. The average CV of the Ct values was 0.03 and 0.13% for Lso-speciÞc real-time PCR for 4.5 and 0.45 ng of genomic DNA, respectively. For psyllids host genomic DNA, the CV of Ct values was 0.02, 0.08, and 0.02 for 4.5, 0.45, and 0.045 ng psyllids speciÞc DNA (28S RNA), respectively, and indicated that the real-time PCR results were highly reproducible for both Lso and potato psyllid housekeeping gene. To avoid inßuence of inhibitors in individual DNA extraction on real-time PCR quantiÞcation, initially DNA was measured with picogreen as described in the materials and methods section, and 10 ng DNA was used in each real-time PCR reaction. Because psyllid genomic DNA was used to construct standard curve targeting 28S RNA gene, DNA concentrations were exported as nanograms of DNA in each sample and Lso copies were expressed per 10 ng DNA. The Ct values of the potato psyllid 28S RNA gene ranged between 18.95 and 19.11, corresponding to 9.31 and 10.28 ng of insect DNA.
Lso Titer in Inoculum Plants
Before Lso-acquisition experiments, stem, petiole, and leaf samples were collected from potato and tomato plants exposed to infective psyllids and presence of Lso in the different plant parts was conÞrmed by conventional PCR using the OA2/OI2c primer pair (data not shown). Next, Lso copy numbers in the inoculum plants were estimated using real-time PCR (Table 2 ). The distribution of the bacterium showed signiÞcant differences between host plants (F 1,24 ϭ 594.7; P Ͻ 0.0001), plant tissues (F 2,24 ϭ 48.77; P Ͻ 0.0001), and both host plant and tissue (F 2,24 ϭ 6.51; P ϭ 0.0055). Real-time PCR quantiÞcation of Lso titer in leaves showed an average of 386 and 21,602 copies in potato and tomato, respectively. Similarly, an average of 663 and 140,525 Lso copies in potato and tomato petioles, respectively, were determined. In addition, an average of 1,634 and 605,550 Lso copies were quantiÞed in potato and tomato stems, respectively. In brief, Lso titer in tomato was signiÞcantly higher than that in potato plants (Table 2) .
Lso Titer in Postacquisition Adult Potato Psyllids
After bacterium acquisition from the inoculum plants, but before quantifying Lso by real-time PCR, adult potato psyllids were Þrst tested for Lso by conventional PCR to conÞrm presence or absence of the bacterium.
Conventional PCR Testing of Psyllids. Lso was detected in the psyllids at 4, 6, and 20 d after AAPs of 72, 24, and 8 h on infected potato, respectively. No Lso was detected in the insects after AAPs of 4 and 1 h on potato when the experiment was terminated, 20 d after insect exposure to infected plants. In contrast, Lso was detected in the insects, 3, 6, 9, and 12 d postacquisition at 72, 24, 8, and 4 h AAP on tomato, respectively; no Lso was detected in the psyllids after 1 h AAP (data not shown).
Real-Time PCR Testing of Psyllids. Lso detection and temporal increases of Lso titer were observed in psyllids on both tomato and potato inoculum plants after AAPs of 8, 24, and 72 h. In general, psyllid Lso titer was higher when insects acquired the bacterium from infected tomato compared with potato. Proportionally, the titer of Lso was higher when adult insects acquired the bacterium from Lso-infected tomato compared with Lso-infected potato plants. Results of the statistical analysis showed that Lso titer in psyllids that were transferred to sweet potato after different AAPs increased signiÞcantly with time (F 7,166 ϭ 69.8; P Ͻ 0.0001). Although psyllid Lso titer was elevated for both the 24 and 72 h AAPs, titer were higher for insects with the 72 h access to inoculum plants than those with just 24-h exposure (F 1,166 ϭ 9.9; P ϭ 0.0019). Averaged over AAP and number of days on sweet potato, Lso titer was signiÞcantly higher for psyllids acquiring the bacterium from tomato than those acquiring it from potato (F 1,166 ϭ 17.2; P Ͻ 0.0001). The three-way interaction and the three 2-way interactions were all statistically nonsigniÞcant (P Ͼ 0.10) for all interaction effects.
When psyllids fed on to Lso-infected potato or tomato plants for 72 h, Lso was detected in the insects by real-time PCR upon transfer to sweet potato. With a 24 h AAP on infected tomato, Lso was detected in the psyllids immediately upon transfer to sweet potato whereas the Lso was not detected in psyllids fed on infected potato plants until 2 d after transfer to sweet potato. Furthermore, when psyllids had access to infected plants for just 8 h, Lso was detected in psyllids only at 6 and 17 d after exposure to tomato and potato plants, respectively. No Lso was detected in psyllids with access to infected plants for 1 h, whether on potato or tomato. The increase of Lso titer in the insects reached a plateau after an average of 15 d after both 24 and 72 h AAP on potato or tomato plants (Table 3) . At this 15-d plateau, Lso titer in the postacquisition psyllids averaged 688,338 and 195,865 copies, 72 and 24 h AAP, respectively, after exposure to tomato. When the psyllids were exposed to infected Means followed by the same letter within a column are not statistically signiÞcant (P ϭ 0.05). In planta, distribution of Lso was analyzed using unbalanced 2 by 3 factorial analysis (PROC MIXED) and signiÞcance differences were separated by TukeyÕs HSD methods.
potato, Lso titer in the psyllids averaged 144,775 and 121,245 copies, after 72 and 24 h AAP, respectively. Lso titer in infective psyllids collected from the laboratory Lso-infected psyllid colony averaged 420,322 copies. For psyllids with 8 h access to infected plants, the 15 d optimal Lso titer was reached only for insects exposed to tomato plants; however, psyllids that fed on potato did not reach this plateau Lso titer after the 15 d, but they still tested positive for the bacterium (Fig. 1) .
Lso-Acquisition Rate by Psyllids
The proportion of psyllids testing positive for Lso increased with AAP ( 2 ϭ 326.4; df ϭ 3; P Ͻ 0.0001) and time ( 2 ϭ 24.0; df ϭ 24; P ϭ 0.46) after exposure to inoculum plants ( 2 ϭ 51.5; df ϭ 8; P Ͻ 0.0001). The three-way interaction (host species ϫ hours of acquisition ϫ days of postacquisition) was nonsigniÞcant, as were all two-way interactions (P Ͼ 0.15 for each interaction); thus, the host plant main effects were examined to determine whether host species affected probability of acquisition. The mean proportion of psyllids acquiring Lso was signiÞcantly ( 2 ϭ 19.8; df ϭ 1; P Ͻ 0.0001) higher for psyllids that fed on infected tomato (mean proportion and conÞdence limits: 0.44 [0.37Ð 0.51]) than psyllids that fed on infected potato (0.14 [0.11Ð 0.18]).
Lso-acquisition rate in psyllids feeding on potato increased up to 5, 15, 35, and 80% when the insects were allowed access to Lso-infected potato plants for 4, 8, 24 , and 72 h, respectively. When fed on infected tomato plants, Lso was detected in psyllids starting at 9, 4, 2, and 0 d after 4, 8, 24, and 72 h, respectively. Lso-acquisition rate in psyllids exposed to infected tomato plants were 20, 35, 75, and 100% after AAPs of 4, 8, 24 , and 72 h, respectively (Fig. 2) .
Discussion
In this study, Lso symptoms developed in both potato and tomato plants three to four weeks after exposure to Lso-infected adult potato psyllids. These results conÞrmed those of previous studies (Munyaneza et al. 2007a (Munyaneza et al. ,b, 2008 Hansen et al. 2008; Sengoda et al. 2010; Buchman et al. 2011a,b) . Interestingly, no symptoms developed in sweet potato plants after multiple attempts to forcibly inoculate them with Lsoinfected potato psyllids under both Þeld and laboratory conditions, despite successful reproduction of the potato psyllid on this nonsolanaceous host plant. In addition, no Lso was detected in sweet potato plants after repeated exposure to Lso-infected psyllids for over 5 mo. The results of the current study suggest for the Þrst time that sweet potato is not a host to Lso, despite supporting reproduction of the potato psyllid (Puketapu and Roskruge 2011, Munyaneza 2012) .
Using real-time PCR assay, the current study showed that adult potato psyllids successfully acquired Lso from infected potato and tomato plants, after an AAP as short as 4 h. Lso was detected earlier a Lso was detected in only one psyllid; thus, the insect was excluded from the statistical analysis. Blanks (Ð) in the table indicate that none of the psyllids were positive for Lso. Numbers of Lso copies in postacquisition psyllids vs Lso-infective psyllids were compared using t-test. Numbers in bold indicate no signiÞcant differences in Lso titer between postacquisition psyllids and infective psyllids from the laboratory colony (P ϭ 0.05).
in psyllids that were exposed to infected tomato than those exposed to potato plants. Lso titer increased over time in exposed potato psyllids, reaching a plateau around 15 d postacquisition, with a titer comparable with that of psyllids from the laboratory Lsoinfective colony. These results suggest that the Lso latency period in potato psyllid is ϳ2 wk or less. These observations contrast with those of "Candidatus Liberibacter asiaticus" (Las), the putative causal agent of Huanglongbing (HLB) disease. Las titer was reported to decrease over time in Asian citrus psyllids, Diaphorina citri Kuwayama, after the bacterium acquisition from infected plants (PelzÐStelinski et al. 2010) . The AAP of Las by adult Asian citrus psyllids widely varied from 15 to 30 min (Capoor et al. 1974 , Roistacher 1991 , 5 h (Xu et al. 1988) , and 24 h (Buitendag and Von Broembsen 1993). Furthermore, Inoue et al. (2009) demonstrated that Las titer in citrus psyllid adults was not elevated over time in positive psyllids after the bacterium acquisition and these insects failed to transmit Las to citrus and develop HLB symptoms.
The Lso-acquisition rate in psyllids increased over time when the bacteria were acquired from infected potato (5Ð 80%) and tomato (20 Ð100%) plants, depending on AAP (4 Ð72 h). The variation of Lso-acquisition rate and titer in adult psyllids between tomato and potato inoculum plants might be because of higher Lso titer observed in tomato compared with potato. Pelz-Stelinski et al. (2010) reported that Las acquisition by nymphs and adult Asian citrus psyllids ranged from 60 to 100% and 40% after 5 wk postacquisition, respectively. In contrast, Inoue et al. (2009) reported detection of Las in 88% of Asian citrus psyllid adults immediately after 24 h AAP, after which Laspositive psyllid population declined to 50% at 20 d postacquisition. However, a signiÞcant increase in Las titer was observed up to 20 d postacquisition when nymphs were used for Las acquisition. These observations indicate that there are signiÞcant differences in the biology of liberibacter acquisition, multiplication, and transmission between the potato psyllid and Asian citrus psyllid.
In summary, results of this study suggest that Lso can multiply in adult potato psyllids after an AAP as short as 4 h on potato or tomato. However, potato psyllids appear to acquire the bacterium faster, and in higher titer, when exposed to Lso-infected tomato than potato plants. Higher Lso titer in tomato compared with potato may explain why Lso titer appears to increase faster in psyllids feeding on tomato than potato plants. Therefore, in terms of sources of Lso inoculum, psyllids originating from Lso-infected tomato Þelds may be more damaging that those from potato Þelds. Although Lso titer in exposed psyllids was comparable with that of infective psyllids from the laboratory colony at 15 d postacquisition, suggesting that the bacterium latency period in the insects was Ϸ2 wk or less, further studies are needed to accurately determine this latency period.
